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Control of Breathing
The hypoxic ventilatory response (HVR) is a fundamental physiological response to hypoxia involving an acute increase in minute ventilation. This is mediated by peripheral chemoreceptors in the carotid bodies, followed by short-term potentiation mediated by integrated input from the carotid body and catecholaminergic respiratory central pattern generator neurons of the pons and ventral medulla, and finally short-term depression (a roll-off phenomenon) (1) . Both abnormally depressed and augmented HVR result in sleep-disordered breathing.
Using a mouse model, Mahmoud and colleagues (2) described a novel mechanism of genetic control of the HVR via 59 adenosine monophosphate-activated protein kinase (AMPK), a critical regulator of energy supply in the body (3). On activation, AMPK turns off anabolic pathways and turns on catabolic pathways compensating for deficits in ATP supply. Mahmoud and colleagues have shown that conditional knockout of AMPK-a1 and AMPK-a1 subunits in catecholamineproducing cells suppresses all components of the HVR, resulting in hypoventilation in hypoxic conditions and central apneas (2) . The severity of hypoventilation was proportional to the severity of hypoxic exposure. In contrast, the hypercapnic ventilatory response was not affected. The AMPK double knockout did not affect responses to hypoxia in the isolated carotid body preparation, whereas hypoxic activation of dorsal and ventral regions of brainstem was significantly attenuated according to functional magnetic resonance imaging. These data suggest that AMPK deficiency may predispose to sleepdisordered breathing, whereas AMPK up-regulation may be protective in the hypoxic environment (e.g., high altitude). Furthermore, the work of Mahmoud and colleagues (2) disavows a previous paradigm that AMPK may act on carotid body glomus cells to regulate the HVR (1), indicating that the effect occurs in central pattern-generating neurons.
Notably, AMPK has recently been shown to mediate another adaptive mechanism to high altitude. Hypoxia induces adenosine accumulation, activating erythrocyte A2B adenosine receptor up-regulating erythrocyte AMPK, which, in turn, phosphorylates and activates bisphosphoglycerate mutase, thus inducing 2,3-bisphosphoglycerate production and O 2 release from red blood cells (4).
In summary, AMPK appears to be a critical enzyme involved in adaptation to high altitude and may be implicated in the pathogenesis of sleep-disordered breathing. Human genetic studies assessing a potential role of AMPK in obstructive sleep apnea (OSA) would be of great interest.
Genetics of OSA
OSA is a heterogeneous disorder, which incorporates several distinct phenotypes (5) . Phenotypic complexity and significant modifying effects of obesity, age, ethnicity, and comorbid cardiopulmonary disease argue strongly for the polygenic nature of OSA (6) .
Deciphering the genotype associated with a particular phenotype may identify novel therapeutic targets. Cade and colleagues presented the largest genomewide association study in OSA to date, in which they examined genetics of OSA in Hispanic Americans according to several different phenotypic traits, including the apnea-hypopnea index (AHI), mean Sa O 2 , and mean event duration (7). The AHI was significantly associated with polymorphism in the G-protein receptor GPR83, a protein expressed in multiple brain regions of relevance for OSA, including the hypoglossal nucleus, dorsal motor nucleus of vagus, and the nucleus of solitary tract. Average apnea and hypopnea duration, which may reflect both hypoxic sensitivity and arousal threshold, was associated with b-arrestin 1 (ARRB1), which physically interacts and regulates hypoxia inducible factor 1 alpha (HIF-1a) and impacts the expression of HIF-1a target genes, including vascular endothelial growth factor A. HIF-1a mediates hypoxic sensitivity in the carotid bodies and, therefore, the ARRB1 polymorphism may be implicated in OSA causality. Event duration was also associated with polymorphism in several loci associated with a key transcription factor of lipid biosynthesis, sterol regulatory element binding protein (SREBP), including the insulin signaling gene insulin-induced gene 2, which blocks SREBP-1, and a positive SREBP-1 regulator, phospholipase C, b1 (7). SREBP-1 is inducible by intermittent hypoxia and was found to be implicated in intermittent hypoxia-induced dyslipidemia and fatty liver (8) .
The same group of authors used linkage analysis in the Cleveland Family Study to identify a strong association between polymorphism in the angiopoietin-2 gene (ANGPT2), an endothelial factor modulating vascular and inflammatory responses, and mean nocturnal Sa O 2 (9) . Future large genetic studies are needed to replicate these findings (6). In addition, translational experiments in animal models based on genome-wide association study results will be important to understand disease pathogenesis.
Impact of Mild OSA
Mild OSA is a highly prevalent disease, affecting more than 20% of the population (10) . The Official Research Statement of the American Thoracic Society targeted a formidable task to summarize the evidence regarding adverse neurocognitive and cardiovascular clinical outcomes of mild OSA (11) . Mild OSA was defined according to the Chicago criteria (12) as AHI or respiratory disturbance index or oxygen desaturation index ranging from 5/h to less than 15/h, regardless of the definition of a hypopnea.
Mild OSA is associated with a 0.5-point increase in mean Epworth Scale of Sleepiness score, whereas other data on cognitive impairment, risk of motor vehicle accident, and quality of life was inconsistent. Continuous positive airway pressure (CPAP) treatment modestly improved subjective sleepiness and quality of life, but there was no effect on objective sleepiness. Population-based longitudinal studies showed that mild OSA is not associated with increased cardiovascular or all-cause mortality. Currently, there is no clear evidence that treatment of mild OSA reduces mortality rate (11) .
CPAP may thus be indicated in sleepy patients with mild OSA, but asymptomatic patients with mild disease may not be at risk of long-term complications and thus may not benefit from CPAP or another specific therapy. Studies of more precise OSA thresholds that do not require therapy in the absence of symptoms are needed.
OSA in Women
In women, sleep apnea is associated with fatigue, depression, anxiety, and a poorer perception of their health status. There are surprisingly few studies focusing on the impact of treatment of OSA in women. Thus, the recent study by CamposRodriguez and colleagues is a welcome addition (13) . These investigators completed a randomized controlled trial of 307 women with moderate to severe OSA. Three months of CPAP improved quality of life, including anxiety and depressive symptoms, mood, and daytime sleepiness, highlighting the importance of detecting and treating women with OSA.
Pamidi and colleagues assessed the potential impact of sleep apnea in pregnant women (14) . Specifically, in their study of 234 pregnant women, sleep apnea in the third trimester (AHI threshold of 10/h) was significantly associated with a small-forgestational-age infant (odds ratio, 2.65). The potential long-term impacts on these children and whether therapy of sleep apnea improves fetal outcomes are areas that require further study.
Sleep-disordered Breathing in Heart Failure
Recent data from May and colleagues suggest that the cardiovascular risk of sleepdisordered breathing is greater in older people (15) . Using data from a multicentre, community-based cohort of 2,911 older (>65 yr) men monitored with polysomnography, they found that central sleep apnea (CSA) and CSA with CheyneStokes respiration were associated with an increased risk of atrial fibrillation (AF) in 843 men followed up over a mean duration of 6 years. The incidence of AF over the follow-up period was 12% (99 cases). Surprisingly, OSA and hypoxia did not predict incident AF.
In the same cohort of elderly men, the presence of CSA and Cheyne-Stokes respiration were also associated with incident heart failure (16). OSA, however, was not. Whether CSA is causative of heart failure or represents an early symptom of heart failure is open to speculation (17) .
In terms of treatment of CSA in heart failure, the SERVE-HF (Adaptive Servo Ventilation [ASV] in Patients with Heart Failure) landmark trial was published late in 2015 (18) . This was a multicenter study that enrolled 1,325 patients with a left ventricular ejection fraction of less than or equal to 45% and New York Heart Association class III or IV heart failure or New York Heart Association class II heart failure with at least one heart failure-related hospitalization within 24 months before randomization. Patients were randomized to usual care plus ASV or usual care alone. The primary end point was the composite of death from any cause, lifesaving cardiovascular intervention, or unplanned hospitalization for worsening heart failure. The intention-to-treat analysis showed no difference in the composite end point; however, there was an unexpected but significant increase in all-cause and cardiovascular death in the ASV group at a mean follow-up of 31 months.
Before decreeing "rest in peace" to ASV (19) , it is important to consider the following points. In the SERVE-HF trial, substantial nonadherence to the study protocol was seen: 29% of patients either discontinued or never used ASV, whereas 16% of patients randomly assigned to control crossed over to positive airway pressure (PAP). ASV compliance was low, averaging only 3.4 hours per night. A potential reason for low compliance was that the majority of treated subjects used a full face mask. 
OSA and Hypertension
Oxygen and reactive oxygen species sensing in the carotid bodies mediates the development of hypertension in OSA (21), but individual susceptibility to hypertension, antihypertensive drugs, and CPAP vary among patients (22) . Therefore, identification of therapeutic targets for hypertension in the carotid bodies is an important area of research. The purinergic receptor P2X3 was found to be upregulated in carotid bodies of hypertensive rats and humans; P2X3 antagonism reduced arterial pressure and basal sympathetic activity and normalized blood pressure in hypertensive rats (23) . Further studies in animal models of sleepdisordered breathing and genetic studies in human OSA will show relevance of this discovery for OSA-induced hypertension.
New evidence has evaluated the effectiveness of CPAP in patients with OSA in whom an antihypertensive agent alone was insufficient to control blood pressure (24) . Patients with new onset of hypertension (with and without OSA) were initially placed on 50 mg losartan for 6 weeks, with 24-hour blood pressure being assessed before and after therapy. Interestingly, losartan reduced blood pressure in patients with and without OSA, but the reductions were less in the OSA group. In the next 6 weeks, patients with OSA continued to receive losartan and were randomized to CPAP (n = 24) or no CPAP (n = 23). Additional CPAP therapy resulted in no significant changes in 24-hour BP measures but did reduce nighttime systolic blood pressure by 4.7 mm Hg. However, in a per-protocol analysis, all 24-hour blood pressure values were reduced significantly in the 13 patients with OSA who used CPAP at least 4 hours per night. There are a few lessons we can learn from this study (25) . First, traditional treatment for hypertension in patients with OSA may be more difficult than in patients without OSA. It is reasonable to speculate that the mechanisms of OSA inducing high blood pressure are not limited to the renin angiotensin system activation. The observed additive effects of CPAP when effectively used reinforce this concept. Second, consistent with the observed results in several studies, the cardiovascular benefit of OSA treatment is dependent on CPAP adherence.
CPAP and Diabetes Control
In patients with diabetes, three studies evaluated the impact of CPAP on glycemic control in patients with OSA. Martínez-Cerón and colleagues (26) performed a 6-month parallel study evaluating the effects of CPAP (n = 26) or no CPAP (n = 24) on glycated hemoglobin (HbA1c) levels in overweight/obese patients with type 2 diabetes (two successive HbA1c values greater than 6.5%) and OSA. At 6 months of follow-up, the CPAP group achieved a greater decrease in HbA1c values than control subjects (20.4%; 95% confidence interval [CI], 20.7-20.04%; P = 0.029). Secondary outcomes (including insulin resistance and sensitivity, and serum levels of IL-1b, IL-6, and adiponectin) also improved with CPAP.
These results are consistent with a rigorous physiologic study by Mokhlesi and colleagues (27) . In this study, 22 patients with diabetes were randomized to sham or active CPAP in the laboratory for 1 week; CPAP adherence was achieved by continuous supervision (7.92 h/night). CPAP resulted in a significant reduction in 24-hour mean plasma glucose and a trend to lower insulin levels.
In the same issue of the Journal, Shaw and colleagues (28) reported a multicenter randomized trial evaluating the effects of CPAP versus usual care for 6 months in patients with type 2 diabetes (HbA1c between 6.5 and 8.5%) and moderate to severe OSA. Contrary to the findings of Martínez-Cerón and colleagues (26) , of the 298 participants who met entry criteria, no differences between the study groups were seen in HbA1c.
How can we explain this apparent inconsistency? As noted in the accompanying editorial (29) , the baseline demographics were fairly similar between the two clinical trials. Moreover, despite distinct OSA severity inclusion criteria, mean baseline AHI was comparable. However, in the study by Martínez-Cerón and colleagues (26) , almost all patients were treated with oral agents, and z42% were receiving insulin. In contrast, in the Shaw and colleagues study, about half of patients were not taking any diabetes medications, and those receiving insulin were excluded (28) . The mean baseline HbA1c from the study by Shaw and colleagues was lower, consistent with better glycemic control and milder baseline disease (28) . In addition, in the Martínez-Cerón study (26) , fixed CPAP pressure was applied during the treatment period, whereas Shaw and colleagues used PAP in auto-adjusting mode (28) . Auto-PAP may not be as effective as fixed CPAP in improving cardiometabolic outcomes, but this finding requires additional investigation (30) . The adherence with PAP was slightly greater in the study by Martínez-Cerón (5.2 vs. 4.9 h/night) which may also be a partial explanation of the difference in results (26) . Finally, there was a modest reduction in body mass index in the control versus the CPAP group in the study by Shaw and colleagues (28), which was not appreciated in the study by Martínez-Cerón and colleagues (26) .
Further studies are needed to identify metabolic phenotypes that predict CPAP response and to investigate the optimal amount and mode of CPAP that is required to improve glycemic control.
Pertinent to this discussion is the issue of modest weight gain after CPAP therapy, which is noted to be fairly common (31) . In an interesting study by Tachikawa and colleagues, 63 patients had a comprehensive metabolic assessment after 3 months of CPAP (32) . Basal metabolic rate dropped significantly after CPAP therapy and thus likely contributed to weight gain. However, weight gain was also associated with poor eating behavior, highlighting the importance of attention to this aspect of lifestyle modification after CPAP.
CPAP and Cardiovascular Disease Prevention
In RICCADSA (Randomized Intervention with CPAP in Coronary Artery Disease and OSA) (33) , 244 nonsleepy patients with PULMONARY, SLEEP, AND CRITICAL CARE UPDATE established coronary artery disease and moderate to severe OSA were randomized to CPAP or usual care for a median follow-up of 57 months. The primary end point was the first event of repeat revascularization, myocardial infarction, stroke, or cardiovascular mortality. The authors found no differences in the incidence of the primary end point (CPAP: 18.1% vs. usual care: 22.1%; hazard ratio, 0.80; 95% CI, 0.46-1.41) in the intentionto-treat analysis.
More recently, results from the Sleep Apnea Cardiovascular Endpoints (SAVE) trial (34) have been published. SAVE was a multicenter trial comprising 2,717 patients (1,700 from China) with a history of coronary artery disease or cerebrovascular disease and untreated moderate to severe OSA. These patients were neither severely sleepy nor hypoxemic during sleep. They were randomly assigned to receive CPAP plus usual care or usual care alone. The primary outcome was a composite death from cardiovascular causes, myocardial infarction, stroke, or hospitalization for unstable angina, heart failure, or transient ischemic attack. In a mean follow-up of 3.7 years, CPAP did not result in a lower rate of the primary end point (hazard ratio with CPAP, 1.10; 95% CI, 0.91 to 1.32). CPAP was able to significantly improve quality of life, mood, daytime sleepiness, and work productivity. In a propensity analysis of patients adherent to CPAP (average of >4 h/night), CPAP resulted in a lower risk of stroke and composite end point of cerebral events than those in the usual care group.
There are important messages to be understood from these two studies (35, 36) . First, the findings may not be extrapolated to symptomatic patients. Growing evidence suggest that these patients represent a different OSA phenotype. However, ethical reasons may prevent us from clarifying this important topic in sleepy people with OSA. Second, it is conceivable that in the secondary prevention scenario, with coexisting multiple comorbidities and medications, untreated OSA may not be a strong additional risk factor. However, this argument did not find support in a recent multicenter observational cohort evaluating patients with coronary artery disease (37) . Third, these trials were limited by the overall low CPAP adherence (e.g., ,4 h/night in the SAVE study); this is a crucial issue and may at least partially explain the neutral results. To illustrate, in the SAVE study, a propensity analysis of patients adherent to CPAP (average of >4 h/night) showed that CPAP-adherent patients had a significantly lower risk of stroke and composite end point of cerebral events than those in the usual care group. Similarly, in the RICCADSA study, there was a significant cardiovascular risk reduction in those who used CPAP for greater than or equal to 4 h/night (hazard ratio, 0.29; 95% CI, 0.10-0.86).
OSA and Lung Function
Both chronic obstructive pulmonary disease and OSA are common and are associated with increased risk of all-cause mortality. Previous studies have suggested that the concomitant presence of both disorders (overlap syndrome) worsens outcomes (38) . Putcha and colleagues used the community-based Sleep Heart Health Cohort to assess the potential interaction of these two disorders. (39) Specifically, the investigators studied 6,173 participants for the occurrence of all-cause mortality. Somewhat surprisingly, the impact of lung function was less in patients with sleepdisordered breathing than in patients without sleep-disordered breathing; in other words, for every reduction in FEV 1 of 200 ml, all-cause mortality increased by 11% in patients without sleep apnea but only by 6% in patients with sleep apnea. As discussed in the accompanying editorial (38) , potential explanations of this effect include a survivor effect in this fairly elderly cohort, residual confounding, and a potential plateau in risk above a sleep apnea threshold. Nevertheless, future studies are needed to better understand the relationships between sleep apnea and reduced lung function.
Personalized Treatment of OSA with Non-CPAP Alternatives
CPAP is the treatment of choice for OSA. However, not all patients tolerate CPAP, and adherence to treatment is often low. Thus, there is a need to improve adherence and to develop alternative therapies. One approach is to personalize treatment depending on the precise anatomical and physiologic characteristics of the patients (40) .
Oral appliances have been used effectively to treat OSA. Despite overall benefit, it is difficult to predict which patients will respond to treatment. By investigating different physiological traits, Edwards and colleagues (41) have shown that passive upper-airway collapsibility and loop gain can predict the resolution of OSA (measured using AHI) in patients treated with oral appliances (r 2 = 0.07; P = 0.001). Overall, the appliances made the upper airway less collapsible, without influencing muscle function, loop gain, or arousal threshold. Patients with OSA in whom the pharyngeal airway was less collapsible and with lower loop gain were most responsive to treatment. This finding offers a potential target for clinical management, allowing personalized treatment and potentially improving adherence (5) .
OSA is caused by a state-dependent reduction in pharyngeal dilator muscle activity, which in susceptible individuals leads to upper airway closure. The administration of 200 mg of desipramine, a tricyclic antidepressant that is believed to stimulate pharyngeal muscles, in 10 healthy subjects prevented the sleep-related reduction in tonic (but not phasic) genioglossus EMG activity (42) . It was also associated with a reduction in the passive critical closing pressure and maintenance of upper airway patency during the application of negative pressure. Tricyclic antidepressants such as desipramine offer the potential for pharmacological treatment of OSA; however, potential side effects (43) , such as a reduced REM sleep and symptoms of dry mouth and constipation, may limit their use, and further studies in patients with OSA are needed.
Pediatric Sleep Apnea
In a large study by Hunter and colleagues (44), 1,010 children (5-7 yr old) from the community were recruited from public schools and studied with polysomnography. As AHI increased, cognitive performance decreased significantly. This correlation was found across a broad domain of cognitive function, stressing the potential importance of sleep apnea in affecting future academic goals. However, as mentioned in the accompanying editorial PULMONARY, SLEEP, AND CRITICAL CARE UPDATE (45) , it may be premature to recommend widespread screening and treatment, given potential risks and unclear efficacy of therapies such as adenotonsillectomy.
Another emerging frontier is the use of biomarkers in pediatric OSA. A novel study by Khalyfa and colleagues (46) studied one potential mechanism of vascular dysfunction. One hundred twenty-eight children (5-10 yr of age) were stratified by obesity and presence of OSA. Exosomal microRNA-630 expression was reduced in children with OSA and endothelial dysfunction (defined as delayed time to peak post-occlusal reperfusion) and normalized after treatment of OSA with adenotonsillectomy. Future studies are needed to determine whether this biomarker is a useful screening tool for vascular risk in children with sleep apnea and whether it may represent a useful target for future therapies (47) .
Conclusions
Over the last year, the field of sleepdisordered breathing has continued to advance, and much has been learned about the pathophysiology, epidemiology, and treatment of sleep apnea. Major studies have been recently published concerning the impact of CPAP therapy on cardiovascular outcomes, therapy of CSA, and the impact of OSA on health outcomes. However, more work needs to be done in this exciting field, and we look forward to the studies to be published in the upcoming years. n
